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THE PROBLEM OF STRUCTURAL ANALYSIS OF BIOLOGICAL RHYTHMS

D. S. Sarkisov (Moscow)
Institute of Surgery imeni A. V. Vishnevskiy
USSR Academy of Medical Sciences

Investigation of the mechanisms of the body's adaptation to envirommental
factors is the central problem in clinical and exXperimental medicine. An im-
portant aspect of the problem but one, nevertheless, still attracting little
attention of researchers is study of the interrelations between the disinte-
gration and synthesis of materials (structures) in the course of adaptational
reactions. Inseparably linked with each other, these processes take plage at
molecular, organoid (subcellular) and cellular levels, providing for the per-
formance of specific functions and compensation of spent structures, i.e.
physiological regeneration in the broad sense. Under normal conditions these
opposite beginnings of the life process are in a state of relative equilib-~
rium. Physiological and pathogenic stimuli alter it as the result of pre-

dominant intensification or inhibition of disintegration or synthesis which,
in turn, entails a corresponding change in the activity of the opposite
process directed toward restoration of the disturbed equilibrium. In essence
it is this reaction which underlies the body's adaptation to a particular

agent.

Modern methods of morphological study — electron microscopy, autoradiog-
raphy, histochemistry — are expanding the possibilities oflstfﬁpfural analysis
of adaptation processes and are making'possible more accurate observation of

their dynamics. Greatest attention in this article is given to several regu-

larities in the adaptation reaction of the body under conditions of various
rhythms of a stimulus. By the term "rhythm" in the future we shall mean

repetition of some phenomenon or other after certain intervals of time,

A situation when the rhythm of an action changes while its dosage re-

mains constant is suitable for showing the dynamics of variations in adap-

* Numbers in margin indicate pagination of origingl foreign text.
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tation processes, i.e, their ability to reorganize under various envirommental
conditions. Regular studies based on this model werée begun not long ago, how-
ever, already data have been obtained indicating high lability of biosynthetic
processes during changing rhythms of pathogenic effects (D. S. Sarkisov and

B. V. Vtyurin, 1967; D. S. Sarkisov et al., 1969, 1972).

Fig. 1 shows curves of DNA synthesls in liver tissue
of mice, one group of which (b} was injected with CCly once
a week, another (¢) — twice a week, and the third (d) —
daily. Single doses of the toxic substance were constant,

only the rhythm of injections changed.

Daily autoradiographic tests of DNA synthesis in liver tissue for 30 days
showed that its intensity increased in conformity with the increased frequency
of the stimulus. Analysis of the curves indicates, first of all, a sharp in-
crease in the general level of synthetic activity of liver tissue and, secondly,
and this must be especially emphasized; an order in this gynthetic activity
where individual parts of the organ (cells) begin to "work” in the same rhythm.
It is known that in normalcy DNA synthesis in different cells of an organ is
nonsynchronous (I. A, Alov). The curves in Fig. 1 show that under experimental
conditions rhythms of synthetic processes are synchronized in individual cells,
which must be considered mobilization of the material resources of the organ
for the most effective resolution of its most important problem at the moment —
restoration of disturbed homeostasis. This is also expressed in the coordina-
tion of the new rhythm of peaks of synthetic activity of the organ (developed
under these conditions) with that of the stimulus: with the injection of CCly
once a week the cycle of peaks of DNA synthesis in the liver appear once a
week, with more frequent injectidns they correspondingly become more frequent
and higher and, finally, with the most intense effect {daily injections) syn-
thetic processes increase sharply; however, the organ can, evidently, no longer
produce a clear "rhythm of resistance" and it becomes disordered and chaotic
(see Fig. 1, d).
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These observations lead to the

! 100 émj%ﬂ N following conclusion: the intensity of
' f synthetic processes varies, depending on
” ‘rJLKNF“JxI% dj; the frequency of the pathogenic stimulus.
Ko The body forms rhythms of peak activity
: mxﬁys%° f of synthetic processes that exactly fol-
'”m“ ' l low each regular effect of the toxic
%'5@- - ~‘1 c) i agent and thereby largely negate it,
ST TN 7‘.?30 _‘c This high lability of the life process
148 - . 82%a | is its universal characteristic which
é-jp- | “ . | enables the body to preserve the equilib-
' | rium between disintegration and synthesis
50'? vyttt of materials and maintain homeostasis in
1 - a! ‘ continuously changing envirommental con-

a4 ditions.

What are the structural manifes-
Figure 1. Dynamics of DNA

synthesis in liver tissue
with various rhythms of intensity of synthetic processes? Mor-

injections of CCly

tations of adaptation variations in the

phological studies show that they con-
a — control; b — once a

week; ¢ — twice a week;
d — daily injections of number of actively functioning struc-

CCly.

Horizontally - days of the
test. Arrows indicate days
of CCl, injections; wverti- function of its component parts, for

cally — index of labeled example, hepatic lobules, vardous fields
hepatocytes (in 7%},

sist, first of all, in a change in the

tures. At the organ level this is ex-

pressed in the varying intensity of the

of mucosa of the stomach and the pan-
creas, individual groups of nephrouns,
muscle bundles, etc. At the cellular (tissize) level this principle is followed
by "putting into operation' individual cells or, on the other hand, by eliminating

them from active participation in the work.

In connection with the development of electron microscopy studies, the
theoty that in a state of relative rest only part of the cells im an organ

are active (Barkroft) has received further substantiation.



It has been established that the ultrastructural equivalent
of a state of functional rest in the cell is a thick network of
endoplasmatic reticulum, a large number of ribosomes in its mem-
branes, mitochondria with a dense osmiophilic matrix and regularly-
arranged cristae, a compact hyperchromic nucleus, etc. Because
of the large number of organoids in cytoplasm and the density of
hyaloplasm and the matrix of mitochondria, those energetically
charged, ready-for-work cells are distinguished as darker than
the others in electrorn microscope studies. Intensive functional
activity is accompanied by increased consumption of structures:
the dark cell begins to "lighten." Mitochondria swell, their
matrix clears, the canals in endoplasmatic reticulum are dilated,
the number of ribosomes is reduced, hyaloplasm clears and swells,
chromatin and the nucleolus migrate to the nuclear membrane.
Later this light cell is cut off from activity and as the result
of- physiological regeneration of ultrastructures is again trans-
formed into a dark ceil, etc., These continuous variations in
in the degree of functiomal activity of cells (dark § light)
have already been described in various organs and tissues. It
has been found that, for example, as the physical load on the
myocardium increases, the number of light cells is correspon -
dingly incteased and the number of dark cells is decreased, which
indicates gradual inclusion of cellular elements into the general
work of the organ (P. Ya., Mul'diyarov, B. V. Vtyurin). Similar
changes are found in neurons in one of their most important sec-—
tions — synaptic apparatus during increased excitation {con-
vergion of "dark" synapses to "light"){(A. A. Manina; 0. M. Poz-
dnyakov). Pyknotically-altered dying cells also darken. As
this phenomenon is not related to the problem at hand, we shall
not discuss it here. At the cellular level the increase of syn-
thetic processes can be expressed not only in the act1vat10n of
an ever-1ncrea51ng number of cells, but also in their 1ncreased

div181on.



We can now say with sufficient justification that the principle of con-
tinuous change in the number of actively functioning structures retains its
place as the most important mechanism responsible for fluctuations in the syn-—
thetic activity of living systems at the intracellular level as well. If
within the organ this principle is expressed in varying functional activity
of its major parts, for example, within the acinus of the pancreas — in the
intensive function of some cells and a state of relative rest in others —
then within each individual cell it appears as functional heterogeneity of
ultrastructures (B. V. Vtyurin; K. S. Mitin). Electron microscope and histo-
chemical studies indicate that, evidently, in an active state at any given
mement is only a part of cellular ultrastructures, for example, mitochondria.
This is seen in their structural heterogeneity, in the presence of "dark" and
"light" mitochondria similar to the above-described dark and light cells. The
actively functioning mitochondrium swells, its matrix clears, the length of
its cristae is reduced and the mitochondrium becomes "light;" then in the
course of physiological regeneration it agaln "darkens" etc. Electrono-
histochemical studies indicate with sufficient basis that this principle of
functional heterogeneity can be applied to even smaller structures, in par-—
ticular to elements of organiods; in mitochondria, for example, at any given
moment, only some structures (crista, matrix, etc.) can be found in an active
state. A series of data obtained with the use of modern methods of morphologi-
cal study indicate that there is, evidently, a whole range of various degrees
of functional activity of the cell. This is provided by the continuous change
in the total number of itg ultrastructures in an active state at any given
moment. This is indicated, for example, by the gradual increase in the number
of "light" (swollen) i.e. actively functioning mitochondria in muscle cells of
the heart in proportion to the increased severity and duration of physical loads.
N. K. Permyakov et al., studied adaptational changes in the secretory cycle of
acinie cells of the pancreas at the ultrastructural level and showed that their

dynamics and intensity vary, depending on the diet.

The main role in studying structural bases of biological rhythms and, in /6
particular, in quantitative analysis of the intensity of biosynthetic processes

is played by electron autoradiography. Using this method, A. A. Pal'tsyn and
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Figure 2. Increased DNA synthesis in liver tissue under the effect of CCly.
; Electron autoradiography. X35,000.

a — control, On hepatocyte nucleus — a single grain of silver; b — test. A
large number of grains ‘of silver on the cellular nucleus of a mouse which had .
received €Cly,. N — nucleus; M — mitochondria.

B. V. Vtyurin showed that if grains of silver are, as-a rule, observed only
singly or not at all on hepatocyte nuclei of coﬁtrol mice, in animals which
have received CCl, several liver cells are seen in one field of view with a
large number of grains of silver on the nuclei (Fig. 2). This increased DNA
synthesis in hepatocytes is, as is known, a material basis for the development
of cellular (mitosis) and intracellular {polyploidization of nuclei, hyper-

plasia of ultrastructures) regeneration of liver tissue.

The increase of synthetic processes in cells is accompanied not only by

actuation of an ever-increasing number of ultrastructures (which are in a state .

of rest), but also by an increase in the number of the latter , their hyper-"

plasia. V. 5. Paukov and B. V. Vtyurin showed that under pfoionged functional



strain in muscle tissues of the heart the number of mitochondria, ribosomes
and myofibrils is increased, there is hyperplasia of Golgi apparatus and the

endoplasmatic network, etc. Hyperplastic processes occur not only at the level
of organoids. {increased number), but also "within" the latter, expressed, for
example, in the appearance of significantly larger-than-usual mitochondria.
Hyperplasia of ultrastructures leads to hypertrophy of the cell — a phenomenon
known since the last century, but only now receiving detailed morphological
interpretation. The complex of intracellular adaptation reactions iz not
limited to these intracellular changes — activation of an ever-increasing num-
ber of ultrastructures and their hyperplasia. A third component comnsists of
adaptational changes in cellular metabolism. If, for example, the liver
regenerates after traumatic injury, the newly-formed tissue does not obviously
differ essentially from lost tissue. A different result is observed with re- 17
generation after certain toxic effects. The well-known fact of the increased
resistance of cells to repeated pathogenic effects indicates that tissue is
being regenerated which differs from its predecessor; it is characterized,
despite its morphological similarity, by new physiological features. The
latter, evidently, have their own structural base located at the macromolecu-
lar, close to biochemical level, developed specifically "against" a certain
agent and relating to corresponding changes in thé enzyme system. Therefore,

a new, extremely important problem arises — that of compensatory-adaptational
reactions in enzyme systems of the cell as one of the main components of its

general reparative reaction. Studies in this direction have only just begun.

For example, it is noted that in heart muscle cells around
an infarct complex reorganization of metabolic processes occurs
of a compensatory-adaptational character (A. I. Strukov et al.,
K. M. Danilova et al.). T. N. Drozd established that in patients
with ulcers there is an adaptational change in the phases of
activity and relative functional rest of liver tissue; this is
the basis of rhythmic changes in the metabolism of hepatocytes —
the Embden-Meyerhof-Krebs cycle periodically alternates with
the pentose-phosphate cyele. A similar adaptational compensatory

teaction at the level of enzyme systems was noted by A. G. Ufim-



tseva and V. V. Serov in kidney epitheljum during various pathogenic
effects. Of basic importance in this respect is the observation of
L. A. Tiunov et al., who established that intensification of the
rhythm of reparative regeneration of the liver with more frequent
injection of a hepatotoxic agent (furfural) is accompanied by a
corresponding intensification‘oflthe synthesis of several adaptive
enzymes, in particular, increased activity of xanthinoxidase, which
is responsible for the metabolism of aldehydes., With daily in-
jection of the drug, the activity of this enzyme was significantly
increased, while with less frequent injections it did not sig-
nificantly differ from that in control animals, Thus, the rhythm
of intracellular regenerator processes has a direct bearing on the
induction of enzymes and conformation changes in protein molecules

(M. G. Kritsman and A. S. Konikova).

The change in the number of actively functioning structures, noted above,
is inherently connected with increased or weakened tempo of their restoration,
i.e. regeneration. Therefore, it can be stated that adaptational changes in
the intensity of synthetic processes are accompanied by corresponding changes
in the rate of regeneration, From that it follows that variations in the
activity of reparative processes can be used as morphological characteristics
of biological rhythms. Of basic interest in this respect is intracellular re~
generation. This is because the dynamics of cellular restoration (mitotic
cycles) do not reflect the periodicity of functions directly, but indirectly,
on the basis of changes which occur from time to time in large working blocks —
cells, within which biochemical processes are already unfolding. In contrast,

intracellular (molecular and ultrastructural) regeneration is directly responsible

for a function, it is its structural equivalent.) Theref&ré;ihé'ﬁdrphologiéthﬂ
observing variations in the intensity of physiological intracellular regeneration,
appfoximates those ideal conditions when he can see the "picture” of the func-
tion. We must especially emphasize that in some organs (myocardium, central:
nervous system) mitotic division is lacking and, therefore, in interpreting

structural bases of biological rhythms we must be oriented exclusively to the



kinetics of intracellular restoration. The significance of this is difficult
to overestimate if we consider_;ﬁé}importance of studying the periodicity of
functional variations in the central nervous system as the chief apparatus
of integrating internal biorhythms of the body with environmental rhythms.

It is evident from this that the most important practical conclusion
from this view of intracellular regenerator processes is the prospect of detailed
structural amalysis of cyeclic variations in function. The first results
of studies in this direction, noted above, lead to the following general con-
clusion: one of the most important properties of adaptational intracellular
reactions is the lability of the rhythm of physiological regepneration of ultra-
structures, i.e. the ability of cells to change the intensity of their con-
sunption and new formatiom, depending on the frequency and force of external
and internal environmental factors, and thereby equalize the rates of these

two opposite processes.

Analyzing this remarkable ability of the body, we must take into con-
sideration that a certain rhythmicity characterizes not only various environ-
mental factors, but alsc the vital processes themselves, which are usually
called "biological rhythms." From that if follows that in the interaction of
the body with the enviromment there is a sort of overlaying of "external"
rhythms on "internal" ones, and the result of such summation is finally deter-
mined by the physiological state of various organs and tissues. In this
respect homeostasis is seen as a continuous Balanaiﬁgfof rhythms of biclogical
processes with those of numerous and varied effects on the body. Such a
general-theoretical solution to the problem of adaptation of the body has
already been given by I. M. Sechenov who wrote: "...the living machine is run
by two kinds of impulses: changes arising in the machine itself in its opera-
tion and impulses arriving from without." The physical aspect of this prob-
lem was later substantially developed by Soviet researchers, especially N. Ye.
Vvedenskiy and A, A. Ukhtomskiy. The main result of these studies, in which
the object of investigation was the nervous system, was establishment that
summation of the rhythm of a stimulus with intrinsic rhythms of biological

systems is not mechanical superimposition, but a complex integral process.
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The essence of the latter is that a living system, in particular the cell,
falling under the influence of a certain rhythm of an external effect, re-
organizes its own rhythm of metabolic processes so that it begins to corres-

pond to that of the effect, "to agree" with it. Thanks to this ability,
figuratively called by A. A, Ukhtomskiy the ability of cell rhythm to

"adopt" external effects, homeostasis is preserved and the necessary level

of functional activity strictly maintained.

We must especially point out that only with such an understanding will
the problem of biological rhythms attain importance for clinical medicine
and, in particular, for further study of the regularities and mechanisms of
compensatory-adaptational reactions of the body. Nevertheless, for many
years this problem has been developed unilaterally, primarily in study of the
fluctuation of vital body functions. Deeper structural analysis of biologi-
cal rhythms is hindered by the fact that until recently methodological resources
for such study were limited to the cellular level and, therefore, it was re—
served almost exclusively to study of mitotic cycles of various orgams. This
did not allow the morphologist to record faster intracellular rhythms which
are "closer" to function (indicatéd above). But now, with the rapid develop-
ment of cytological methods of study, they have recejved little use in long
tests to trace the dynamics of adaptation reorganization of intracellular

biorhythms in commection with changing rhythms of external effects.

The main attention of researchers is still focused on /9
solving such questionsas the dynamics of the formation, accumu-
lation and migration of materials from the nucleus:to]the cyto-
plasm (Str8cker et al.; Leblond and Amano; Levy; Prescott;
Amano et al,, and others), investigating the mechanisms of this
migration through the nuclear membrane (Gallan and Tomlin;
Altmann; Wischnitzer, Koshiba et al.), analysis of the process
of accumulation and consumption of various materials in the
nucleus and cytoplasm in single effects of various factors
(Noorduyn and de Manj Pogo and Littan: I. Stein and 0. Stein;

Citoler and de Leon).
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Figure 3. Schematic drawing of the ratios of disintegration
and synthesis of materials (structures) at various stages
of the pathological process.

— physiologic2l regeneration; b — dystrophy + necrosis;
¢ — reparative regeneration.

There is no doubt about the importance of these cytological studies
but they are only indirectly related to the problem of biological rhythms in
the situation indicated above. Nevertheless, a number of electron micrescope
studies of intracellular adaptation processes in the myocardium (V. P. Tumanov;
P. Ya. Mul'diyarov; B. V. Vtyurin), liver (L. A. Tiunov et al., D. S. Sar-
kisov et al.) and pancreas {(N. K. Permyakov et al.) already quite clearly in-
dicate that the concepts advanced by the school of I. M. Sechenov (N. Ye.
Vvedenskiy, A. A. Ukhtomskiy) about the "lability" and "adoption™ by cell
rhythm 6f external effects are structurally justified; the application of
these concepts is not limited to just the nervous system, but extends to the

activity of cells and all other organs, acquiring the importance of a general-

biclogical rule.

On the basis of the above data on molecular pathology today a rather com-
plete concept can be formulated about the general dynamics of changes in cells
during variocus pathological preocesses, in particular, about the physiological
intracellular restoration of structures, based on these changes. Even though
there is no doubt about the paramount importance of physiological regeneration

in vital activities of the body and it has always been emphasized in textbooks
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on general pathology and pathological anatomy, the lack of an inherent con-
nection between the concepts of regularities in the continuous restoration of
structures of the organism on one hand and such phenomena as dystrophy, necrosis
and reparation on the other is noteworthy. Current data on regularities in
intracellular restoration dictate the following scheme of cellular changes
during various pathological processes (Fig. 3). The main process underlying

the entire range of structural and functional changes in cells is considered

to be the establishment of a relative equilibrium between disintegration and
synthesis of protein (structures)}. It determines physiological regeneration at
various levels — molecular, organcid and cellular. We consider equilibrium
between these processes as the normal state of cells and tissues (see Fig. 3, a,
physiological regeneration)., The effect of a pathogenic stimulus is expressed
in an "upset'" of this balance, which can consist, for example, of a disturbance
of mechanisms responsible for the synthesis of protein (enzyme disease), a

sharp increase in the consumption of material resources in extreme degrees of
functional stress and so forth. In all these cases the equilibrium between

the rate of disintegration of structures and the intensity of their regenera-
tion is disturbed in favor of the former. We record this "negative balance”

of physioclogical regeneration in the form of swelling of mitochondria, vacuoli-
zation of the endoplasmatic reticulum, reduction of the number of ribosomes and
other ultrastructures, decrease in the amount of glycogen, the appearance of

fat inclusions and vacucles, granularity of cytoplasm and we call it "dystrophy"
(in Bense of damage) (see Fig. 3, b). The latter, therefore, is the result of
disturbances to physiological regeneration at molecular and ultrastructural
levels. 1If the process continues in this "unfavorable" direction and the dis-

proportion between destruction and synthesis (regeneration) continues to grow,

However, in many cases in response to sharply increased disintegration of
protein the cell is able, to a corresponding degree, to increase anabolic

processes and return the rhythm of restoration of its material resources to

the limits of physiologigal regeneration. This period of sharp increase in

synthetic processes is expressed morphologically by an increased number of

12
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ultragtructures, their hyperplasia and hypertrophy and increased mitotic ac-

tivity; we use the term "reparative|regeneration: (see Fig. 3, ¢).

Molecular pathology data, therefore, reveal in the complex picture of
cellular changes a common, pivotal biological process, variants of which comprise
the aggregate of symptoms which "externally" seem different to us. This
pivotal process is physiological regeneration, i.e. the strictly balanced
restoration of living matter. Its disturbance toward predominance of dis-
integration gives a picture of dystrophy and the related adaptation increased
synthesis - reparative regeneration. Therefore, dystrophy and reparative re-
generation, in the final analysis, are two antagonistic deviations of physio-
logical regeneration from its "normal" course. Therefore, when we speak of
physiological regeneration, dystrophy, reparative regeneration, etc., we are
dealing not with clearly limited forms of cellular reaction to an external
effect and not with various general pathological phenomena, but with variants
and phases of one biological process — a@ssimilation and dissimilation of living
matter. The inherent comnection between physiological and reparative regenera-
tion and the necessity of considering them as variants of the same synthetic
reaction of the body havebeen noted repeatedly by A. N. Studitskiy (1952, 1963).
Reparative regeneration, therefore, must not be considered as a concluding
step in the pathological process: from the very start of a pathogenic stimulus
and the attendant disturbance of physiological regeneration the mechanism which
increases reproductive .processes is activated but it stands out especially

clearly at the end of the’disease when dystrophy predominates.
Conclusion

The comprehensive use of modern methods of morphological study — electron
microscopy, autoradiography and histochemistry —*ﬁﬁﬁégfpbssiElE“étfucturéi[

analysis of adaptation reactions of the body at the intracellular level and

important problem of clinical medicine. The most general, universal adaptative

reaction of the cells in response to various stimuli is varying activity of bio-

13



synthetic processes, directed toward preserving the balance between disinte-
gration and synthesis of materials (structures) and thereby maintaining the
constancy of the body's internal environment.] Manifestations of iaﬁapt;vqj
variations in the activity of biosynthetic processes are: 1) changes in the
number of actively functioning structures from normal, 2) new formation, hyper-
plasia of structures (organcids, cells), 3) adaptive reorganization of enzyme

systems.

Adaptive/ changes in the activity of biosynthetic processes, expressed in
changes in the rate of restoration (regeneration) at molecular, organmoid (ultra-
structural) and cellular levels, are distinguished by high accuracy, With a
rhythmie stimulus the organism rapidly forms its own corresponding rhythm of
disintegration and synthesis of structures directed toward restoring the dis-
turbed homeostasis and, therefore, neutralizing the effect of the pathogenic
action. 1In a morphological sense the essence of this [adaptive reorganization|
of biological rhythms is that with various changes in the frequency of the
stimulus, the intensity of reparative reaction is each time established at a
level preventing a deficit of structures| which would be incompatable with life.
Continuous compensation of the rhythms of various effects on the body by its
own rhythms of vital activity is one of the specific expressions of’the

principle of the unity between the organism and its environment.
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